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The Yeast Clathrin Adaptor Protein Complex 1 Is
Required for the Efficient Retention of a Subset
of Late Golgi Membrane Proteins
TGN and endosomes is the recognition and incorpora-
tion of resident TGN proteins and lysosomal receptors
into endosome-bound transport vesicles (Kirchhausen,
2000). This recognition involves an interaction between
cargo proteins, sorting adaptors, and clathrin (Robinson
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and Bonifacino, 2001). The best-studied sorting adap-Berkeley, California 94720
tors are members of the clathrin adaptor complex (AP)
family. AP-1, AP-2, and AP-3 represent a family of ho-
mologous heterotetrameric complexes that bind bothSummary
clathrin heavy chains and YXXφmotifs on the cytosolic
tails of cargo proteins (Heilker et al., 1999; RobinsonIn yeast, certain resident trans-Golgi network (TGN)
and Bonifacino, 2001). In mammalian cells, AP-1 largelyproteins achieve steady-state localization by cycling
colocalizes with TGN markers, and the tails of the man-through late endosomes. Here, we show that chitin
nose 6-phosphate receptors (MPR) interact with the synthase III (Chs3p), an enzyme involved in the assem-
subunit of AP-1 in vitro (Dell’Angelica and Payne, 2001).bly of the cell wall at the mother-bud junction, popu-
Furthermore, ectopic expression of MPR is sufficient tolates an intracellular reservoir that is maintained by a
direct the recruitment of AP-1 into clathrin-coated budscycle of transport between the TGN and early endo-
at the TGN (Le Borgne and Hoflack, 1997). As a result,somes. Traffic of Chs3p from the TGN/early endosome
it was assumed that, in a manner analogous to the endo-to the cell surface requires CHS5 and CHS6, mutant
cytosis-specific AP-2 coat, AP-1 bound MPR at the TGNalleles of which trap Chs3p in the TGN/early endo-
recruited clathrin and initiated the formation of a CCVsome. Disruption of the clathrin adaptor protein com-
(Kirchhausen, 1999). Recent findings, however, indicateplex 1 (AP-1) restores Chs3p transport to the plasma
that the main transporters of lysosomal enzyme recep-membrane. Similarly, in AP-1 deficient cells, the resi-
tors at the TGN are the GGA proteins, a new familydent TGN/early endosome syntaxin, Tlg1p, is missorted.
of clathrin binding sorting adaptors (Puertollano et al.,We propose that clathrin and AP-1 act to recycle
2001; Zhu et al., 2001). Similarly, in yeast, the GGA pro-Chs3p and Tlg1p from the early endosome to the TGN.
teins and clathrin are responsible for TGN to PVC trans-
port of the syntaxin Pep12p and CPY as well as theIntroduction
efficient TGN localization of Kex2p (Black and Pelham,
2000; Costaguta et al., 2001; Hirst et al., 2001). Immuno-The trans-Golgi Network (TGN) is a central processing
isolated CCVs contain AP-1, but AP-1 is not requiredorganelle, where newly synthesized proteins are sorted
for the incorporation of Vps10p into vesicles (Delocheto different subcellular compartments (Gu et al., 2001).
et al., 2001). Furthermore, AP-1 mutants do not displayProteins destined for the endosomal/lysosomal sys-
any obvious phenotype, except for an exacerbation oftem (e.g., lysosomal hydrolases) are recognized by sort-
the secretion of unprocessed pro- factor in clathrining receptors and incorporated into transport vesicles
temperature-sensitive mutants and synthetic growth de-(Lemmon and Traub, 2000). Subsequent retrieval of
fects with gga mutants (Costaguta et al., 2001; Huangthese sorting receptors from endosomes prevents their
et al., 1999; Yeung et al., 1999). While these observationsdelivery to lysosomal compartments. Similarly, resident
suggest a possible role for AP-1 in the maintenance ofTGN proteins maintain their steady-state localization by
TGN integrity, the function of AP-1 in intracellular traffic
cycling between the TGN and endosomes (Conibear and
in yeast is unclear.
Stevens, 1998; Lemmon and Traub, 2000). In the yeast
Chitin synthase III (Chs3p) follows an intricate path
Saccharomyces cerevisiae, the carboxypeptidase Y through the secretory and endocytic pathways, leading
(CPY) receptor, Vps10p, and the pro- factor processing to the steady-state distribution of Chs3p at the PM and
protease Kex2p are incorporated into clathrin-coated in intracellular organelles (“chitosomes”) that colocalize
vesicles (CCV) at the TGN and transported to the prevac- with the TGN marker Kex2p (Chuang and Schekman,
uolar compartment (PVC), where Vps10p and its cargo 1996; Santos and Snyder, 1997; Ziman et al., 1996).
dissociate (Cooper and Stevens, 1996; Deloche et al., At the PM, Chs3p localizes to the mother-bud junction
2001). Kex2p and Vps10p are then recycled back to the through an interaction with Chs4p-Bni4p and septins
TGN by a coat complex (Seaman et al., 1998). The rapid (DeMarini et al., 1997). When the daughter cell reaches
recycling of Vps10p and Kex2p ensures their steady- full size, Chs3p is internalized to be recycled for use in
state localization to the TGN and counteracts the for- subsequent rounds of cell division (Chuang and Schek-
ward membrane traffic that occurs during organelle mat- man, 1996; DeMarini et al., 1997). The accessory factors
uration. If this cycling is perturbed, as in vacuolar protein Chs5p, a peripheral membrane protein that associates
sorting (vps) mutants, late Golgi and endosomal proteins with Kex2p compartments (Santos and Snyder, 1997),
are rerouted to the plasma membrane (PM) (Conibear and Chs6p, a cytosolic protein with an unassigned bio-
and Stevens, 1998). chemical role (Ziman et al., 1998), are required for Chs3p
A central event in the cycling of proteins between the transport to the PM. In chs6 mutants, Chs3p accumu-
lates in stable intracellular organelles (Ziman et al.,
1998). An intracellular pool of a PM protein, such as1Correspondence: schekman@uclink4.berkeley.edu
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Chs3p, is unusual, because proteins transiting the se-
cretory or endocytic pathways in yeast normally do not
accumulate in intermediate compartments.
In the present work, we describe the interaction of
Chs3p with the endocytic and exocytic machinery and
provide evidence that the intracellular retention of
Chs3p as well as the early endosomal SNARE Tlg1p
require clathrin and AP-1.
Results
Chitosomes Display Characteristics of Both
the TGN and Early Endosomes
The maintenance of the intracellular pools of Chs3p re-
quires endocytosis, suggesting that Chs3p populates
an endosome (Chuang and Schekman, 1996; Ziman et
al., 1996). We tested this possibility by monitoring the
colocalization of endosomes labeled with the styryl dye
FM4-64 (Vida and Emr, 1995), with Chs3p fused to the
green fluorescent protein (GFP). At early time points
(5 min), a significant proportion of Chs3-GFP-positive
internal structures were accessible to FM4-64 as as-
sessed by fluorescence microscopy. At later time points
(30 min), FM4-64 populated structures adjacent to the
vacuole that did not contain Chs3-GFP (Figure 1A).
These findings are consistent with Chs3p residing in the
early endosomal system of yeast, as previously sug-
gested (Holthuis et al., 1998b), but not the PVC or the
vacuole. Surprisingly, in chs6cells, where Chs3p trans-
port to the PM is blocked (Ziman et al., 1998), Chs3-GFP
compartments were partially accessible to FM4-64 (Figure
1B). Therefore, Chs3p can populate early endosomes
independently of endocytosis.
To extend these observations, we performed subcel-
lular fractionation of organelles on equilibrium density
gradients. Wild-type and chs6 cells were converted to
spheroplasts and lysed by osmotic shock, and large
membranes (PM and ER) were removed by differential
centrifugation. Slowly sedimenting membranes were
centrifuged to equilibrium on a linear sucrose gradient,
and the distribution of Golgi/endosomal proteins in dif-
ferent fractions was determined by immunoblotting (Fig-
ure 1C). In both wild-type and chs6 cells, Chs3p-con-
taining membranes cofractionated with the TGN/early
endosomal marker Tlg1p but not with the PVC marker
Pep12p.
In wild-type cells, the internal pool of Chs3p colocal-
izes with the TGN marker Kex2p (Santos and Snyder,
1997). Kex2p also colocalizes with SNAREs of the early
endosomal system (Tlg1p and Tlg2p), suggesting thatFigure 1. The Chitosome Is Accessible to Endocytic Traffic and Co-
Kex2p also resides in early endosomes (Holthuis et al.,localizes with TGN/Early Endosome Markers
1998a; Lewis et al., 2000). By immunofluorescence mi-(A) Colocalization (arrows) of the styryl dye FM4-64 and Chs3-GFP.
croscopy, we observed that, in chs6 cells, Chs3p accu-Cells (YPH499 pCHS3-GFP) were incubated with FM4-64 (16 M)
on ice, washed in cold medium, and shifted to prewarmed medium mulated in compartments that completely colocalized
for either 5 or 30 min prior to analysis. with Kex2p (Figure 1D). Therefore, Chs3p, Kex2p, and
(B) Colocalization (arrows) of Chs3-GFP and FM4-64 at early time Tlg1p populate the same organelle in both CHS6 and
points (5min) in chs6 cells (JCY479). Note that FM4-64-positive
structures that do not colocalize with Chs3-GFP are juxtaposed to
Chs3-GFP compartments.
(C) Subcellular distribution of TGN/endosomal organelles in WT
(YPH499) and chs6 (YRV19) cells. Slowly sedimenting membranes (D) Localization of Chs3p and the TGN marker Kex2p in chs6 cells.
were centrifuged to equilibrium on linear sucrose gradients. The DMBY22 (chs6::HIS3 KEX2-HA) was processed for immunofluores-
relative level of protein in each fraction was determined by quantita- cence, and Chs3p and Kex2p were detected with affinity purified
tive immunoblots with radiolabeled secondary antibodies. anti-Chs3p antibodies and monoclonal antibodies to the HA tag.
AP-1 and Membrane Protein Retention at the TGN
285
chs6 cells. We conclude that chitosomes display char-
acteristics of both the TGN and early endosomes and
that Chs3p can populate this compartment indepen-
dently of transport to the PM.
The Intracellular Retention of Chs3p Does Not
Require Transit through the PVC
Although Tlg1p and Kex2p populate the TGN/early en-
dosome, their mechanism of intracellular retention is
distinct. Kex2p, unlike Tlg1p, must be transported to
and retrieved from the PVC to achieve steady-state lo-
calization (Brickner and Fuller, 1997; Lewis et al., 2000).
Similarly, in chs6 mutants, Chs3p may cycle between
the TGN and the PVC. If so, vps mutations that block
transport between the TGN and the PVC may force
Chs3p into an alternate route to the cell surface and
restore chitin synthesis in chs6 mutants. Since chitin
renders cells sensitive to the chitin binding dye cal-
cofluor (Valdivieso et al., 1991), mutants that bypass the
chs6 defect should render cells sensitive to calcofluor.
Deletion of genes encoding factors required for antero-
grade transport to the PVC (the dynamin homolog
Vps1p, the Sec1p homolog Vps45p, and the t-SNAREs
Pep12p and Tlg2p) or factors required for retrograde
transport from the PVC (the retromer component
Vps35p, the AAA ATPase Vps4p, and the phosphoinosi-
tide 3-phosphate binding protein Vps27p; reviewed in
Lemmon and Traub [2000] and Conibear and Stevens
[1998]) in chs6 cells failed to restore sensitivity to cal-
cofluor (Figure 2A).
Class E vps mutations disrupt protein and lipid transit
out of the PVC, resulting in the formation of an enlarged
endosomal compartment (class E compartment) adja-
cent to the vacuole (Conibear and Stevens, 1998). If
Chs3p traffics through an endosome distinct from the
PVC, it should not accumulate in the class E compart-
ment. We expressed Chs3-GFP in vps27 and vps27
chs6 cells and labeled class E compartments with
FM4-64 prior to analysis by fluorescence microscopy.
Although some Chs3-GFP was present in class E com-
partments at steady state, Chs3-GFP-positive organ-
elles did not collapse into these compartments in either
vps27 or vps27 chs6 cells (Figure 2B). These results
suggest that transit through the PVC does not constitute
an obligatory step in Chs3p traffic or intracellular re-
tention.
Mutations in the AP-1 Complex Restore Chs3p
Transport to the PM in chs6 Mutants
To understand the mechanism of Chs3p retention at the
TGN, we isolated extragenic suppressors of a chs6 Figure 2. The Retention of Chs3p at the TGN/Early Endosome Is
Independent of Transit through the PVCstrain. The lack of Chs3p-mediated chitin synthesis
(A) Disruption of vacuolar protein sorting (vps) genes required forleads to cell lysis in hypoosmotic media (Bulawa, 1992).
transport to and from the prevacuolar compartment (PVC) do notWe isolated 12 spontaneous osmo-resistant chs6 sec-
restore calcofluor sensitivity to chs6 cells. The diagram providesond-site suppressors (css) that were also sensitive to
a summary of the transport steps affected in the different mutants
calcofluor. Initial complementation analysis suggested tested (see Results and Table 1 for details). Calcofluor resistance
that the mutations defined one complementation group, was determined on YPD agar supplemented with 100 g/mL cal-
although this proved to be incorrect (see below). The cofluor (CF; see Figure 3A). All single vps and AP mutants were
sensitive to CF (data not shown).genetic lesion in a representative css mutant was identi-
(B) Localization of Chs3-GFP and class E compartments (arrows).fied by complementation of calcofluor resistance and
Class E compartments of vps27 (JCY524) and vps27 chs6determined to be APS1, encoding the  subunit of the
(YRV203) cells were labeled with FM4-64 (15 min label, 30 min chase
yeast clathrin adaptor protein complex 1 (AP-1). Yeast at 24C).
AP-1 is a heterotetrameric protein complex comprising
Developmental Cell
286
Figure 3. Disruption of AP-1, Arf1p, and Clathrin Restore Chs3p Transport to the PM in chs6 Cells
(A) Disruption of AP-1 components in chs6 cells restores calcofluor (CF) sensitivity. Disruption of the AP-1-associated  subunit, Apm2p,
does not restore calcofluor sensitivity to chs6 mutants. (B) The accumulation of Chs3p in the slowly sedimenting membrane fraction (S13) of
chs6 cells is relieved by disruption of Apl2p. The subcellular distribution of organelles was assessed by differential centrifugation (13,000 
g) of membranes. Chs3p and Tlg1p levels in the S13 fractions of different mutants were determined as a percentage of total and shown as
a ratio to percentage of proteins in the S13 fraction of WT cells.
(C) Cells deficient in Arf1p (YRV86) or clathrin heavy chain (chc1; YRV78) restore calcofluor sensitivity to chs6 cells. The accumulation of
Chs3p in the S13 fraction of chs6 cells is relieved by chc1.
(D) AP-1 recognition of Chs3p is saturable. chs6 diploid strains (YRV205-207) bearing heterozygous deletions in genes encoding different
AP-1 subunits display synthetic defects in their resistance to calcofluor and overexpression of Chs3p, and its ER export chaperone, Chs7p,
restores hypoosmotic resistance to chs6 cells.
two large ( and 	), one medium () and one small () fractions (Ziman et al. 1998) and redistributed Chs3p to
the more rapidly sedimenting PM but did not alter thesubunit (Yeung et al., 1999).
To determine whether the suppression of chs6 was steady-state subcellular distribution of other Golgi and
endosomal markers (Figure 3B).specific to AP-1, we constructed yeast strains lacking
Chs6p and different components of yeast adaptor com- In mammalian cells, the ras-like G protein ARF1 re-
cruits AP-1 and clathrin to membranes in order to initiateplexes. Deletion of genes coding for adaptin-like com-
plexes involved in endocytosis (AP-2), transport to the the formation of a CCV (Le Borgne et al., 1996). We
considered the possibility that the AP-1 mutant-depen-vacuole (AP-3), or transport to late endosomes (Gga1p
and Gga2p) (Robinson and Bonifacino, 2001) did not dent bypass of chs6 requires the deficient assembly
of CCVs. Indeed, chs6 cells bearing a deletion of eitherrestore Chs3p transport to the PM, as judged by cal-
cofluor sensitivity (Figure 2A). In contrast, deletions of the gene encoding the clathrin heavy chain (Chc1p) or
Arf1p restored calcofluor sensitivity and relieved theany of the AP-1 subunits (APL2 [	 subunit], APL4 [
subunit], APM1 [ subunit], or APS1 [ subunit]) restored accumulation of Chs3p in slowly sedimenting membrane
fractions (Figure 3C). The AP-1 dependent suppressioncalcofluor sensitivity to chs6 cells (Figure 3A). Apm2p,
a homolog of Apm1p, has been shown to associate with is not specific to chs6 mutations, because chs5 muta-
tions, which also prevent Chs3p transport to the PMApl4p, Aps1p, and Apl2p to form an alternative AP-1
complex (Yeung et al., 1999). However, a deletion of (Santos and Snyder, 1997), are similarly suppressed
(data not shown). These results were unexpected, be-APM2 failed to restore calcofluor sensitivity to chs6
cells, suggesting that only mutations in the standard cause chs5 mutants, unlike chs6 mutants, lack in vitro
chitin synthase III activity (Bulawa, 1992), suggestingAP-1 complex confer the CSS phenotype (Figure 3A).
Subcellular fractionation of total membranes by differ- that Chs5p may be an activator of Chs3p activity. It
is possible that the disruption of AP-1 restores Chs3pential centrifugation (13,000g) was used to distinguish
Chs3p in the PM (P13) and intracellular membrane (S13) transport to a chitin synthase-activating compartment.
Because our targeted gene disruptions identified atpools. This analysis indicated that disruption of the 	
subunit (Apl2p) of AP-1 in chs6 cells relieved the accu- least seven css genes, whereas the css screen only
identified one apparent complementation group, wemulation of Chs3p in slowly sedimenting membrane
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Figure 4. Chs3-GFP Localization in AP-1-
Deficient Cells
(A) Chitin and Chs3-GFP localization in wild-
type (YPH499), AP-1 (GPY1783-10A and
YRV94), chs6 (JCY479), and chs6 AP-1
(YRV67 and YRV95) cells. Chs3-GFP trans-
port to the PM was monitored by blocking
endocytosis with Latrunculin A (200 M). Cell
wall chitin was visualized in fixed cells after
staining with 25 mg/ml calcofluor.
(B) Chs3-GFP localization in vps27 apl2
(YRV133) cells. Class E compartments (arrows)
were labeled as in Figure 2.
considered the possibility that novel genetic interactions intracellular localization of Chs3-GFP in apm1 cells
may have masked the existence of multiple complemen- was not significantly different than in wild-type cells. As
tation groups within our css isolates. Indeed, heterozy- previously reported, we found that Chs3-GFP in chs6
gous deletions of APM1 or APL2 in a chs6/chs6 dip- cells accumulated in large punctate structures (Ziman et
loid background exhibited a mild CSS phenotype, al., 1998). These large organelles dissipated into smaller
whereas deletion of a single copy of both APM1 and structures in chs6 apm1 cells (Figure 4A).
APL2 in the same genetic background exhibited a full We have shown that transit via the PVC is not an
CSS phenotype (Figure 3D). The haplo-insufficiency and obligatory step for intracellular retention of Chs3p (Fig-
synthetic haplo-insufficiency of AP-1 mutations sug- ure 2). However, an intracellular pool of Chs3p persists
gested that AP-1 was limiting for Chs3p retention at the in AP-1-deficient cells, which may be maintained by
TGN. Accordingly, a bypass of the chs6 phenotype backup recycling through the PVC. To test this possibil-
may be achieved by overexpression of Chs3p. Because ity, we monitored the localization of Chs3-GFP in apl2
overexpression of CHS3 leads to Chs3p accumulation vps27 cells. Unlike in vps27 cells (Figure 2B), Chs3-
in the ER (Trilla et al., 1999), we constructed multicopy GFP accumulated in the class E compartment of apl2
plasmids expressing CHS3 and CHS7 (encoding a vps27 cells (Figure 4B). Chs3p transit to the PM in AP-1
Chs3p-specific ER export chaperone). Overexpression
mutants did not require rerouting to the PVC, because
of both CHS3 and CHS7, but not CHS3 or CHS7 alone,
mutations in anterograde transport to the PVC (vps1,restored osmotic resistance (Figure 3D) and calcofluor
vps45, and pep12) did not block Chs3p transport tosensitivity to a chs6 strain (data not shown). These
the cell surface in chs6/AP-1 mutants (data not shown).results suggest that a sorting signal in Chs3p or an
Therefore, Chs3p accumulation at the PVC in vps27accessory linker protein is recognized by AP-1/clathrin.
AP-1-deficient cells likely reflects a failure to retrieveIf AP-1 recognition is saturated, Chs3p is inefficiently
Chs3-GFP from early endosomes.retained and escapes to the cell surface.
Chs3p transported to the PM in chs6 apl2 cells
was properly assembled, as assessed by the ability of
AP-1 Mutations Restore Chs3p Incorporationthese cells to form chitin rings morphologically indistin-
into Secretory Vesicles in chs6 Cellsguishable from those in wild-type or apl2 cells, al-
PM and secretory proteins travel to the cell surface inthough the frequency of chitin rings per cell was lower
transport vesicles. These vesicles accumulate in strainsthan in CHS6 cells. Furthermore, Chs3-GFP was visual-
bearing a temperature-sensitive allele (sec6-4) of one ofized at the surface of chs6 AP-1-deficient cells treated
with Latrunculin A to block endocytosis (Figure 4A). The the components required for vesicle fusion (TerBush et
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Figure 5. Chs3p Incorporation into Secretory Vesicles
(A) Fractionation of post-Golgi secretory vesicles by density centrifugation. sec6-4 cells (DMBY5-3A) were incubated at either 24C or at 37C
(40 min), converted to spheroplasts, osmotically lysed, and fractionated by differential centrifugation (13,000  g). S13 fractions were resolved
on a step sucrose gradient. Proteins present in the different fractions were identified by immunobloting (Secretory markers: Bgl2p, Snc1p,
and Chs3p; Golgi/endosome markers: Gda1p, Tlg1p, and Pep12p). Secretory cargo accumulates in fractions 7–8 only at the restrictive
temperature.
(B) Incorporation of newly synthesized Chs3p into transport vesicles in wild-type, chs5, and chs6 cells. sec6-4 (DMBY5-3A), sec6-4 chs5
(YRV22), and sec6-4 chs6 (DMBY6) cells were grown at 23C, shifted to 37C for 5 min and labeled with [35S]methionine for 10 min. Slowly
sedimenting membranes (S13) were resolved on step sucrose gradients, and Chs3p and Bgl2p were identified by immunoprecipitation (IP)
from detergent-solubilized fractions.
(C) Disruption of AP-1 restores the incorporation of Chs3p into transport vesicles in chs6 mutants. sec6-4 (DMBY5-3A), sec6-4 chs6 (DMBY6),
and sec6-4 chs6 apm1 (YRV132) cells were shifted to 37C for 40 min. Cells were processed as in Figure 5A.
al., 1996). To explore the biogenesis of Chs3p-con- cells fail to transport Chs3p to the PM, incorporation of
newly synthesized Chs3p into transport vesicles wastaining transport vesicles, we analyzed slowly sedi-
menting membranes of sec6-4 cells on sucrose step blocked in both mutants, even though these strains were
capable of incorporating Bgl2p into transport vesiclesgradients. At the restrictive temperature, Chs3p accu-
mulated in dense membrane fractions that cofractio- (Figure 5B, fraction 7). Similar results were obtained by
quantitative immunoblot analysis of steady-state levelsnated with secretory cargo proteins, such as the soluble
endoglucanase Bgl2p and the v-SNARE Snc1p (Figure of Chs3p; internal pools of Chs3p were not incorporated
into dense vesicles (Figure 5C, lanes 2–5). Given our5A, fractions 7–8). In contrast, the medial Golgi protein
Gda1p, the endosomal/TGN SNARE Tlg1p, and the PVC observations that chs6 mutants accumulate Chs3p at
the Tlg1p/Kex2p compartment, our results indicate thatmarker Pep12p were not efficiently redistributed into
dense membranes. Because Chs3p is recycled by endo- Chs5p and Chs6p are required for the incorporation of
Chs3p into secretory vesicles at the TGN.cytosis, we considered the possibility that Chs3p in
dense membranes was of endocytic origin. To distin- To study the mechanism of chs6 suppression by AP-1/
clathrin deficiency, we analyzed the incorporation ofguish between exocytic and endocytic material, we
monitored the fractionation of newly synthesized Chs3p Chs3p into secretory vesicles in sec6-4 chs6 apm1
cells. Deletion of the AP-1 coat in chs6 cells restoredafter a brief block in exocytosis. Cells were preshifted
to 37C for 5 min, and then proteins were biosynthetically the ability of Chs3p to be incorporated into secretory
vesicles to an efficiency comparable to that of Snc1plabeled with [35S]methionine for 10 min. After resolving
membranes on a sucrose step gradient, fractions were (Figure 5C, lanes 7–8).
collected and solubilized in detergent, and Chs3p and
Bgl2p were immunoprecipitated. Newly synthesized AP-1 Mutants Missort Tlg1p
into Secretory VesiclesChs3p and Bgl2p rapidly accumulated in dense mem-
branes when the fusion of transport vesicles with the During our survey of the subcellular distribution of resi-
dent Golgi proteins in sec6-4 apm1 cells, we noticedPM was blocked (Figure 5B, fractions 7–8). We conclude
that Chs3p in dense membranes represents secretory, that a shift to the restrictive temperature led to the effi-
cient incorporation of Tlg1p into dense membranes (Fig-not endocytic, vesicles.
To test the role of Chs5p and Chs6p in the incorpora- ure 6A). This shift in buoyant density, which is character-
istic of late secretory vesicles, was not observed withtion of Chs3p into post Golgi vesicles, we constructed
strains containing a sec6-4 allele and chs5 or chs6. membranes isolated from cells grown at the permissive
temperatures or from sec6-4 cells at either temperatureConsistent with the observation that chs5 and chs6
AP-1 and Membrane Protein Retention at the TGN
289
(Figures 6A and 6B). Furthermore, Sed5p, an early Golgi
marker, Gda1p, and Vps10p were not incorporated into
dense membrane fractions. We were unable to assess
the incorporation of Kex2p into dense membranes be-
cause of the instability of this protein at 37C. Approxi-
mately 15%–20% of Tlg1p in membranes isolated from
sec6-4 cells at the restrictive temperature sedimented
at the density of secretory vesicles. In contrast, sec6-4
apm1 cells accumulated70% of Tlg1p in dense vesi-
cle fractions (Figure 6B).
The SNARE Tlg1p serves multiple functions in the
secretory pathway, including recycling of endocytosed
proteins and lipids, retrieval of proteins from early endo-
somes, and ER to Golgi transport (Coe et al., 1999;
Holthuis et al., 1998a, 1998b; Lewis et al., 2000; Wieder-
kehr et al., 2000). Because Tlg1p does not transit through
the PM (Lewis et al., 2000), we considered the possibility
that Tlg1p in dense membranes did not represent vesi-
cles but a backup organelle that becomes dense in the
absence of AP-1 during the secretory block. To deter-
mine whether Tlg1p in dense membrane fractions is
capable of fusion with the PM, we tested the subcellular
localization of Tlg1p in yeast cells bearing an end4-1 or
end4-1 apm1 mutations. These cells are deficient in
endocytosis at restrictive temperatures (Wesp et al.,
1997). Therefore, proteins that traffic to the PM should
be held at this location. After a 2.5 hr shift to a restrictive
temperature, total membranes from these strains were
resolved to equilibrium on linear sucrose gradients. The
fractionation profiles of Tlg1p-containing membranes
were consistently different in end4-1 and end4-1 apm1
cells. At the restrictive temperature, end4-1 cells lacking
the  subunit of the AP-1 coat accumulated 25%–30%
of Tlg1p in membranes that cofractionated with the PM
markers Gas1p and Chs3p (which was completely
chased to the PM). In contrast, only 5%–10% of Tlg1p
in end4-1 cells at 38C accumulated in PM fractions
(Figure 6C, fractions 11–14). These results suggest that
Tlg1p is mislocalized to dense membranes in AP-1 defi-
cient cells.
Discussion
In the present study, we show by fluorescence micros-
Figure 6. Tlg1p Is Incorporated into Transport Vesicles in the Ab- copy and membrane fractionation that Chs3p resides
sence of AP-1 in endosomal-like compartments populated by Tlg1p
(A) Tlg1p is incorporated into dense membranes (Fractions 7–8) in and Kex2p. We provide evidence that Chs3p populates
sec6-4 apm1 cells. S13 supernatants of sec6-4 (DMBY5-3A) and this organelle independently of transit through the PVC,
sec6-4 apm1 (YRV131) cells incubated at the restrictive tempera-
as judged by analysis of vps mutants. When transportture (40 min) were processed as in Figure 5A and resolved on a step
of Chs3p to the PM is blocked, Chs3p retention at thesucrose gradient.
TGN/early endosome requires AP-1 and clathrin. Cy-(B) Tlg1p distribution in sec6-4 and sec6-4 apm1 cells at permissive
(24C) and restrictive (37C) temperatures. The relative incorporation cling by AP-1-containing CCVs probably represents a
of Tlg1p into different fractions was determined by quantitative im- common mechanism for the proper localization of a sub-
munoblotting. set of TGN proteins, because the SNARE Tlg1p was also
(C) Tlg1p is missorted to dense membranes in AP-1 deficient cells.
missorted in AP-1 deficient cells.end4-1 (DDY595) and end4-1 apm1 (YRV127) cells were shifted to
By immunofluorescence microscopy, Tlg1p/Kex2p38C for 2.5 hr, and total membranes were resolved to equilibrium
on 30%–55% linear sucrose gradients. The relative distribution of compartments display characteristics of both the TGN
Vps10p, Tlg1p, Chs3p, and the PM marker Gas1p was determined and endosomes. Tlg1p does not colocalize with the cis-
by quantitative immunoblotting. Golgi marker Sed5p, partially colocalizes with the pan-
Golgi marker Sec7p, and completely colocalizes with
recycled v-SNARE Snc1p and Chs3p (Holthuis et al.,
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density centrifugation, by immunofluorescence colocali-
zation with TGN markers, or by their accessibility to
the endocytic tracer FM4-64 (Figure 1). These results
suggest that biosynthetically and endocytically derived
forms of Chs3p populate both the TGN and early endo-
somes. It has been reported that the TGN and early
endosomes can be separated by equilibrium density
centrifugation (Holthuis et al., 1998a); however, we have
been unable to resolve these organelles reproducibly.
Similarly, endocytosed  factor in early endosomes can-
not be resolved from late Golgi proteins by equilibrium
density gradients (Singer-Kru¨ger et al., 1993). The inabil-
ity to separate TGN and early endosomes by traditional
biochemical methods suggests that these organelles
are of similar lipid and protein composition. According
to the cisternal progression model of protein transport
through the Golgi complex, Tlg1p-containing “early en-
dosomes” may represent a post-TGN compartment
formed by the direct maturation of the TGN as it depletes
PVC-bound cargo and fuses with endocytic vesicles
(Pelham, 1998).
The intracellular accumulation of a PM-bound protein,
such as Chs3p, in an endosomal compartment is unusual
for yeast and indicates an active retention mechanism.
Because internal Chs3p compartments from wild-type and
chs6 mutants are indistinguishable in their colocalization
with Kex2p/Tlg1p, we chose chs6 cells to study the
mechanism of Chs3p retention. We have shown that
Chs3p organelles do not collapse into a vps27 class
E compartment and that vps mutants do not reroute
Chs3p to the cell surface of chs6 mutants (Figure 2).
However, mutations that disrupted the assembly of AP-1
but not other adaptin-like complexes (AP-2, AP-3, or
Gga1-2) restored transport of Chs3p to the PM (Figures
3 and 4). Chs3p localization in chs6 AP-1-deficient
cells resembled that in wild-type cells. Notably, the ac-
cumulation of Chs3p in “swollen Golgi,” which is seen in
chs6 cells, was relieved in AP-1 mutants, and, instead,
Chs3p was present in small, diffuse, punctate structures
(Figure 4A).
In mammalian cells, ARF1 recruits AP-1 to Golgi mem-
branes (Zhu et al., 1999). The interaction between AP-1
and ARF1-GTP is stabilized by AP-1 recognition of sort-
ing motifs in cargo proteins (Le Borgne et al., 1996),Figure 7. Chs3p Transport and Retention at the Late Golgi
leading to the assembly of clathrin lattices and the for-The retention of Chs3p in a stable intracellular pool requires Chs3p
mation of a CCV (Kirchhausen, 2000). In yeast, Arf1pcycling through early endosomes (EE; top panel). AP-1 CCVs medi-
ate the retrieval of Chs3p from EE. A block in this transport step is also believed to play a role in CCV formation and
leads to Chs3p accumulation at the EE from which Chs3p recycling endosomal dynamics, because arf1 mutants display
to the PM is Chs5p/Chs6p-independent (lower panel). In the ab- synthetic interaction with chc1ts mutants and accumu-
sence of AP-1, Chs3p transits to the PVC and is retrieved back to
late abnormal endosomes (Chen and Graham, 1998;the TGN. Although in this model the TGN and EE are shown as
Gaynor et al., 1998; Yahara et al., 2001). Given the centralstatic structures, they may represent maturation intermediates not
role of ARF1 and AP-1 in CCV formation, it was notdependent on an anterograde vesicle-mediated transport step.
surprising to find that mutations in the genes encoding
the clathrin heavy chain (Chc1p) and Arf1p also restored
Chs3p transport in chs6 cells (Figure 3C). Furthermore,
1998a; Lewis et al., 2000). Tlg1p-containing endosomes a chs6 block can be saturated by overexpressing Chs3p
do not overlap with Pep12p or collapse into class E or decreasing the levels of AP-1 (Figure 3D), suggesting
compartments (Lewis et al., 2000). Our characterization that the CSS phenotype is the consequence of inefficient
of Chs3p-containing organelles is in agreement with shuttling of Chs3p in AP-1/clathrin vesicles.
these previous findings, and we provide evidence that Chs3p transport to the PM in AP-1-deficient chs6 mu-
these compartments are accessible to endocytic tracers tants is analogous to the missorting of the TGN proteins
(Figures 1A and 1B). Chs3p-containing compartments Kex2p and Vps10p in Vps-, GGA-, or clathrin-deficient
in wild-type and chs6 mutants, where Chs3p transport to cells (Conibear and Stevens, 1998; Dell’Angelica and
Payne, 2001). We suggest that AP-1/clathrin is requiredthe PM is blocked, are indistinguishable by equilibrium
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Table 1. Strains Used in This Study
Name Genotype Source
YPH499 MATa ade2-101oc his3-200 leu2-1 lys2-801am trp1-63 ura3-52 Lab collection
JCY479 MATa chs6::TRP1 ade2-101oc his3-200 leu2-1 lys2-801am trp1 ura3-52 CHS3-3xHA Zimman et al. (1998)
YRV19 MATa chs6::HIS3 ade2-101oc his3-200 leu2-1 trp1 ura3-52
YRV84 MAT chs6::KANMX his3 leu2 lys2 ura3 EUROSCARF
YRV79 MAT chs6::TRP1 ade2-101oc his3-200 lys2-801am trp1 ura3-52 CHS3-3xHA
DMBY5-3A MATa sec6-4 ade2-101oc his3-200 leu2 trp1 ura3
YRV22 MAT sec6-4 chs5::URA3 ade2-101oc his3-200 leu2-1 trp1 ura3-52
DMBY6 MATa sec6-4 chs6::HIS3 ade2-101oc his3-200 leu2 trp1 ura3
YRV131 YRV94 sec6-4::LEU2
YRV132 YRV95 sec6-4::LEU2
YRV65 MAT chs6::HIS3 apl1::LEU2 his3-200 leu2-1 trp1 ura3-52
YRV66 MATa chs6::HIS3 aps1::LEU2 his3-200 leu2-1 trp1 ura3-52
GPY1783-10A MAT apl2::TRP1 his3-200 leu2,3 trp1-901 ura3-52 suc2-9 Yeung et al. (1999)






YRV96 MAT apl6::HIS3 chs6::TRP1 his3-200 leu2-3,112 lys2-801 trp1-901 ura3-52 suc2-9
GPY 681 MAT chc1-10::LEU2 his4-519 leu2-3,112 trp1 ura3-52 prb1 gal2 G. Payne (UCLA)
YRV78 GPY 618 chs6::HIS3
YRV86 MAT arf1::HIS3 chs6::TRP1 his3-200 leu2-1 trp1::hisG ura3-52
YRV111 MATa tlg2::KANMX chs6::TRP1 ade2-101oc his3-200 leu2 trp1 ura3
DMBY 23-8A MATa vps45::HIS3 chs6::TRP1 his3 leu2 lys2 trp1 ura3 CHS3-3xHA
YRV88 MAT vps35::HIS3 chs6::TRP1 his3-200 leu2,3-112 trp1-9 ura3-52 pho8
YRV122 YPH499 vps1::LEU2 chs6::HIS3
JCY516 MAT vps4::TRP1 chs6::TRP1 his3-200 leu2 lys2-801 trp1 ura3-52
YRV200 MAT pep12::HIS3 chs6::TRP1 his3-200 leu2-1 trp1 ura3-52
JCY524 MATa vps27::LEU2 ade2 his3 leu2 lys2 trp1 ura3
YRV203 MAT vps27::LEU2 chs6::KANMX his3 leu2 lys2 trp1 ura3
YRV133 MAT vps27::LEU2 apl2::KANMX his3 leu2 lys2 ura3
YRV204 MAT gga1::HIS3 gga2::TRP1 chs6::HIS3 his3-200 leu2 lys2 trp1 ura3-52
DDY595 MATa end4-1 bar1 his4 leu2 ura3 D. Drubin (U.C. Berkeley)
YRV127 DDY595 apm1::URA3
YRV205 YRV67  YRV84 (MATa)
YRV206 YRV95  YRV67
YRV207 YRV95  YRV79
YRV208 YRV19  JCY479
DMBY22 MATa KEX2-HA::LEU2 chs6::TRP1 chs1::HIS3::5XMYC-CHS1::URA3 ade2-101oc his3-200
leu2-1 lys2-801am trp1 ura3-52
to retain Chs3p at the TGN. Similarly, Tlg1p, which also phosphatase Sac1p missort Chs3p to the vacuole
(Schorr et al., 2001).does not require Vps proteins for retention, is missorted
in AP-1 deficient cells; Tlg1p accumulates in dense Recent findings suggest that AP-1 may mediate the
retrieval of proteins from post-TGN compartments. Inmembranes in sec6-4 apm1 cells (Figures 6A and 6B)
and in end4-1 apm1 mutant cells (Figure 6C). morphological studies, AP-1 assembles on immature
secretory granules to retrieve MPR to the TGN (Klumper-A role for AP-1 in the retention of Kex2p at the TGN had
been inferred from the observation that AP-1 mutants man et al., 1998), and embryonic cell lines derived from
mice deficient in the AP-1 1A subunit redistribute MPRenhance the secretion of unprocessed factor in chc1 ts
cells (Yeung et al., 1999). Kex2p and the aminopeptidase from the classical TGN/late endosome localization to
peripheral compartments that colocalize with early en-Ste13p possess a domain in their cytosolic tails that
delays their transport from the TGN (Bryant and Stevens, dosomal markers. Furthermore, 1A-deficient cells are
slow to retrieve endocytosed MPR to the TGN (Meyer1997). The delay in transport to the PVC may reflect
Kex2p and Ste13p cycling between the TGN and early et al., 2000). Similarly, the retrieval of TGN-resident pro-
teins from endosomal compartments may require anendosomes. Interestingly, the delayed transport of
Ste13p is suppressed by mutations in the phosphoinosi- AP-1-dependent sorting step. TGN proteins containing
acidic clusters in their cytosolic tails interact with thetide (PI) phosphatase Inp53p, whereas the transport of
Vps10p is unaffected (Ha et al., 2001). Therefore, pro- connector protein PACS-1 and AP-1 (Wan et al., 1998).
PACS-1 variants that cannot bind AP-1 redistribute furinteins such as Kex2p and Ste13p may be retained by a
combination of transit through early and late endosome, and MPR, but not TGN proteins lacking acidic clusters, to
post-TGN/endosomal compartments (Crump et al., 2001).whereas other proteins, such as Chs3p and Tlg1p, may
be retained primarily by cycling through early endo- The accumulation of Chs3p in vps27 class E compart-
ments upon disruption of APL2 suggests that AP-1 limitssomes. It is likely that PI levels are important mediators
of early endosomal traffic, because mutants in the PI the transport of Chs3p to the PVC. Therefore, Chs3p is
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from the EUROSCARF deletion strain collection. AP disruption plas-likely retrieved from a compartment upstream of the
mids (APL1::URA3, APM1::URA3, and APL4::TRP1) were kindly pro-PVC. Although we can not exclude a role for AP-1 in
vided by G. Payne (UCLA). Latrunculin A was a gift of D. Drubinanterograde transport from the TGN to early endo-
(U.C. Berkeley). Resistance to calcofluor was assessed by growth
somes, our results are most consistent with a role for on YPD agar plates supplemented with 100 g/mL Fluorescent
AP-1 in the retrieval of Chs3p from early endosomes Brightener 28 (Sigma Chemical, St. Louis, MO). The sec6-4 allele
was introduced by transformation of a sec6-4::LEU2 replacementprior to transport to the PVC (Figure 7).
cassette (M. Black and H. Pelham, MRC, UK). DMBY22 (KEX2-HA)The TGN/early endosome SNAREs Tlg1p and Tlg2p
was created by transformation of yeast cells with pRS305-KEX2-have been postulated to mediate the retrieval of Snc1p
HA (O. Deloche, Univ. Geneva). The pCHS3-GFP expression plasmidfrom early endosomes to the TGN (Lewis et al., 2000).
is a pRS313-derivative containing CHS3 with a yeast-enhanced
However, unlike Chs3p, Snc1p does not require AP-1 EGFP cassette (B. Cormack, J. Hopkins Univ.) fused in frame with
for recycling (Lewis et al., 2000), and Chs3p retention the 3
 end of CHS3. CHS3-GFP complemented a chs3 strain. To
avoid artifactual accumulation of Chs3p in the ER (Trilla et al., 1999),is not affected in tlg2 mutants (Figure 2). Therefore,
we cotransformed cells with an extra copy of CHS7 (pRS315-CHS7either AP-1 mediates anterograde transport of Chs3p
CEN LEU2 or pA3-2 CHS7 CEN URA) for the experiments in Figuresto early endosomes or Snc1p and Chs3p are retrieved
1A, 1B, 2B, 4A, and 4B. The plasmids 2CHS3 and 2CHS7 werefrom early endosomes via different pathways. Alterna-
constructed by subcloning CHS3 and CHS7 into pRS426 and
tively, the Tlg-dependent recycling of Snc1p, as assessed YEplac181.
by the accumulation of intracellular intermediates, may
reflect a delay in the transport from early endosomes to Microscopy
the PM rather than Snc1p retrieval to the TGN. For direct imaging of Chs3-GFP, we grew cells in CSM dropout
media supplemented with 20 g/mL adenine to OD600 0.3–0.6. ToWe propose that Chs3p is dynamically retained at the
label endosomes, we incubated cells in cold medium containing 16TGN by CCV-mediated retrieval from early endosomes
M FM4-64 (Molecular Probes, Eugene, OR). Chitin staining was(Figure 7). In the absence of AP-1, Chs3p accumulates
performed in cells fixed with 2% paraformaldehyde, incubated inin early endosomes and accesses an endosome-PM
25 g/ml calcofluor in water for 10 min, and washed twice prior
recycling pathway that is independent of Chs5p and to analysis. Indirect immunofluorescent detection of Chs3p was
Chs6p. A direct transport route from endosomes to the performed as previously described (Chuang and Schekman, 1996).
Mouse HA.11 anti-HA monoclonal antibodies (BabCO, Berkeley, CA)PM in yeast has been suggested to occur for the copper-
were used at 1:500 dilution; affinity-purified rabbit anti-Chs3p poly-dependent oxidase Fet3p (Yuan et al., 1997) and a mu-
clonal antibodies were preabsorbed against fixed chs3 sphero-tant form of the plasma membrane ATPase Pma1p (Luo
plasts and used at 1:20 dilution. Cy3-conjugated goat anti-rabbitand Chang, 2000). Similarly, a subset of exocytic cargo
secondary Ab and FITC-conjugated donkey anti-mouse secondary
travels through endosomes in distinct PM-bound vesi- Ab (Jackson ImmunoResearch Laboratories, West Grove, PA) were
cles (Harsay and Schekman, 2002). This model predicts both preabsorbed against fixed spheroplasts and used at 1:1000
dilutions. Fluorescence was visualized with a Nikon Epifluorescencethat proteins that depend on AP-1 for retention would
Microscope. Images were captured with a CCD camera and pro-be missorted in the absence of AP-1/clathrin-mediated
cessed with Adobe Photoshop.cycling. In sec6-4 apm1 cells, Chs3p and Tlg1p were
rapidly incorporated into dense vesicles (Figure 6). How-
Subcellular Fractionations and Equilibriumever, a greater fraction of Chs3p than of Tlg1p was
Density Gradientschased to dense membranes in end4-1 apm1 cells.
The analysis of organelles by differential centrifugation or sucrose
The two proteins may be packaged into distinct vesicles gradient fractionations was performed as follows: cells were grown
that differ in their efficiency of fusion with the PM. Al- in YPD to an OD600 0.4–0.8, placed on ice, and metabolically poisoned
by adding NaN3 and KF to 20 mM. Cells were harvested by centrifu-ternatively, the dense membranes that accumulate in
gation (4000  g for 4 min) and washed with ice-cold 20 mM NaN3sec6-4 apm1 cells may represent a mixture of secre-
and 20 mM KF. Spheroplasts were formed, coated with 1 mg/mLtory vesicles and a dense version of early endosomes
concanavalin A (Con A), and lysed by osmotic shock and mechanicalresulting from the inefficient retrieval of Tlg1p back to
disruption as previously described (Ziman et al., 1998). Lysis buffer:
the TGN. Chs3p and Tlg1p may differ in their ability 10% sucrose in 20 mM triethanolamine (pH 7.2), 1 mM EDTA, and
to be incorporated into bona fide PM-bound transport 1 mM phenylmethylsulfonyl fluoride [PMSF]. Centrifugation at
13,000 g for 6 min sedimented PM and ER membranes in the pelletvesicles from such a compartment.
fractions (P13), whereas Golgi, endosomes, vesicles, and cytosolicWe have provided direct evidence that AP-1 maintains
proteins remained in the supernatant (S13). This procedure yieldsthe integrity of the TGN and early endosomes by mediat-
a PM-free S13 fraction, but Golgi and endosomes contaminate theing protein transport between these compartments. The
P13 fractions (Ziman et al., 1996). For the routine assessment of
identification of additional css genes may uncover novel organelle distribution, 5–10 OD of ConA-coated spheroplasts were
proteins whose functions are important for the biogene- lysed in 0.5 ml Lysis buffer. P13 fractions were resuspended in the
original lysis volume and one-fifth of the total P13 and S13 fractionssis of early endosomes.
were solubilized in 1% SDS at 55C and analyzed by SDS-PAGE.
Proteins were transferred to nitrocellulose and incubated with pri-
mary antibodies to Chs3p, Bgl2p, Sed5p, Gda1p, Tlg1p (H. Pelham,Experimental Procedures
MRC, UK), Pep12p (S. Emr, UCSD), and Snc1p (J. Gerst, Weizmann
Institute, Israel). Mouse monoclonal antibodies from MolecularYeast Strains, Growth Conditions, and Plasmids
Yeast cells were grown in YPD broth (1% yeast extract, 2% peptone, Probes were used to detect Vps10p. HRP-conjugated secondary
antibodies and standard ECL-Plus kits (Amersham-Pharmacia Bio-and 2% glucose) or in complete synthetic medium (CSM) dropout
mixes (Bio 101 Labs). All strains described (Table 1) were con- tech) were used for immune detection. For quantitative immu-
noblots, we used 35S-labeled anti- rabbit secondary antibodiesstructed either by tetrad dissection of sporulated diploid strains or
by integration of disruption cassettes. All allelic replacements were (Amersham Pharmacia Biotech). The blots were dried, exposed to
phosphor plates, and scanned on a PhosphorImager (Molecularconfirmed by PCR. chs6::HIS3, chs6::TRP1, and chs6::KANMX
disruption cassettes were generated by PCR amplification from total Dynamics, Sunnyvale, CA). Quantification was performed with Im-
age Quant Software (Molecular Dynamics).DNA isolated from JCY479, DMBY6, and a chs6::KANMX strain
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Equilibrium Density Gradients Foundation (DRG-1506). Work in the laboratory is supported by a
grant from the N.I.H. (GM26755) and funds from the Howard HughesFor the fractionation of Golgi/endosomal membranes, approxi-
mately 30 OD of cells grown to midlog (OD600  0.6–0.8) were pro- Medical Institute.
cessed as described above. S13 fractions were sedimented in a
TLA100.3 rotor (Beckman Instruments, Palo Alto, CA) at 55,000rpm Received: October 29, 2001
for 1hr. The membrane pellet was resuspended in 0.25 ml of 10% Revised: January 4, 2002
sucrose in HE Buffer (20mM Hepes [pH 7.2] and 1mM EDTA), over-
layed on the top of a 30%–55% (w/w) sucrose gradient (0.25 ml References
55%, 0.5 ml 45%, 0.75 ml 40%, 0.75 ml 37.5%, 0.75 ml 35%, 0.75ml
32.5%, and 0.5 ml 30% sucrose in HE Buffer) and centrifuged for Black, M.W., and Pelham, H.R. (2000). A selective transport route
20 hr at 38,000 rpm in an SW55 rotor (Beckman) at 4C. Fractions from Golgi to late endosomes that requires the yeast GGA proteins.
(0.25 ml) were collected manually from the top, solubilized in 1% J. Cell Biol. 151, 587–600.
SDS, and analyzed by SDS-PAGE and quantitative immunoblotting.
Brickner, J.H., and Fuller, R.S. (1997). SOI1 encodes a novel, con-For total membrane fractionations of DDT595 (end4-1) and YRV127
served protein that promotes TGN-endosomal cycling of Kex2p and(end4-1 apm1) strains, we resuspended 35 OD of cells in pre-
other membrane proteins by modulating the function of two TGNwarmed YPD. Cells were incubated at 38C for 2.5 hr and placed
localization signals. J. Cell Biol. 139, 23–36.on ice, and NaN3 and KF were added to 20 mM. The cells were
Bryant, N.J., and Stevens, T.H. (1997). Two separate signals actcentrifuged, resuspended in 0.5 ml of Lysis buffer supplemented
independently to localize a yeast late Golgi membrane proteinwith a 10 concentrate of protease inhibitor cocktail (Boehringer
through a combination of retrieval and retention. J. Cell Biol. 136,Mannheim, Germany), and lysed by agitation with glass beads. Un-
287–297.lysed cells were removed by centrifugation (500  g for 5 min). Total
cell lysates (0.2 ml) were overlayed on top of a 30%–55% (w/w) Bulawa, C.E. (1992). CSD2, CSD3, and CSD4, genes required for
sucrose gradient (0.25 ml 55%, 0.5 ml 50%, 0.75 ml 45%, 0.75 ml chitin synthesis in Saccharomyces cerevisiae: the CSD2 gene prod-
40%, 0.75 ml 35%, and 0.5 ml 30% sucrose in 20mM triethanolamine uct is related to chitin synthases and to developmentally regulated
[pH 7.2] and 1 mM EDTA) and centrifuged for 20 hr at 38,000 rpm proteins in Rhizobium species and Xenopus laevis. Mol. Cell. Biol.
in an SW55 rotor at 4C (Beckman). The top 0.4 ml was discarded, 12, 1764–1776.
and 0.2 ml fractions were collected manually from the top. Proteins Chen, C.Y., and Graham, T.R. (1998). An arf1 synthetic lethal screen
were analyzed by SDS-PAGE and quantitative immunoblotting. identifies a new clathrin heavy chain conditional allele that perturbs
Vesicle Fractionations vacuolar protein transport in Saccharomyces cerevisiae. Genetics
The incorporation of protein cargo into dense secretory vesicles 150, 577–589.
was determined by resolving S13 supernatants on minisucrose gra-
Chuang, J.S., and Schekman, R.W. (1996). Differential traffickingdients. sec6-4 strains were grown at the permissive temperature
and timed localization of two chitin synthase proteins, Chs2p and(23C), harvested by centrifugation (15–20 OD), and resuspended in
Chs3p. J. Cell Biol. 135, 597–610.prewarmed media at the restrictive temperature (37C) for 40 min.
Coe, J.G., Lim, A.C., Xu, J., and Hong, W. (1999). A role for Tlg1pConA-coated spheroplasts were lysed in 0.5 ml Lysis buffer. S13
in the transport of proteins within the Golgi apparatus of Saccharo-fractions (0.3ml) were loaded on top of a mini step sucrose gradient,
myces cerevisiae. Mol. Biol. Cell 10, 2407–2423.made as follows: 0.1 ml 60%, 0.2 ml 55%, 0.2 ml 45%, 0.5 ml 40%,
0.5 ml 35%, and 0.4 ml 30% sucrose (w/w) in 20 mM triethanolamine Conibear, E., and Stevens, T.H. (1998). Multiple sorting pathways
(pH 7.2) and 1 mM EDTA. Gradients were centrifuged at 55,000 rpm between the late Golgi and the vacuole in yeast. Biochim. Biophys.
in a TLS55 rotor (Beckman) for 2.5 hr. The top 0.4 ml was discarded Acta 1404, 211–230.
and 0.2 ml fractions were collected for immunoblot analysis. To Cooper, A.A., and Stevens, T.H. (1996). Vps10p cycles between
monitor the incorporation of newly synthesized protein cargo into the late-Golgi and prevacuolar compartments in its function as the
secretory vesicles, we grew DMBY5-3A (sec6-4), YRV22 (sec6-4 sorting receptor for multiple yeast vacuolar hydrolases. J. Cell Biol.
chs5), or DMBY6 (sec6-4 chs6) cells to midlog in methionine- 133, 529–541.
free medium. Cells were harvested by centrifugation (15 OD) and
Costaguta, G., Stefan, C.J., Bensen, E.S., Emr, S.D., and Payne,resuspended in fresh prewarmed methionine-free medium (37C),
G.S. (2001). Yeast Gga coat proteins function with clathrin in Golgiincubated for 5 min, and metabolically labeled with 100 Ci of
to endosome transport. Mol. Biol. Cell 12, 1885–1896.[35S]Promix (Amersham) for 10 min. Fractions were collected as
Crump, C.M., Xiang, Y., Thomas, L., Gu, F., Austin, C., Tooze, S.A.,above, solubilized in 1% SDS at 55C for 10 min, and diluted to 1
and Thomas, G. (2001). PACS-1 binding to adaptors is required forml in IP buffer (0.1% SDS, 150 mM NaCl, 50 mM Tris-HCl [pH7.2],
acidic cluster motif-mediated protein traffic. EMBO J. 20, 2191–and 1% Triton X-100). Chs3p and Bgl2p were sequentially immuno-
2201.precipitated with specific antisera and Protein A Sepharose (Phar-
macia, Sweden) beads as previously described (Chuang and Schek- Dell’Angelica, E.C., and Payne, G.S. (2001). Intracellular cycling of
man, 1996). lysosomal enzyme receptors: cytoplasmic tails’ tales. Cell 106,
395–398.
Identification and Selection for css Mutations Deloche, O., Yeung, B.G., Payne, G.S., and Schekman, R. (2001).
Five independent YRV19 (MATa chs6::HIS3) and YRV79 (MAT Vps10p transport from the trans-Golgi network to the endosome is
chs6::TRP1) colonies were used to inoculate 2 ml of YPD, and cells mediated by clathrin-coated vesicles. Mol. Biol. Cell 12, 475–485.
were grown to late log at 23C. Cells were harvested, plated on DeMarini, D.J., Adams, A.E., Fares, H., De Virgilio, C., Valle, G.,
fresh 0.5 YPD agar plates, and incubated at 37C for 4–5 days. Chuang, J.S., and Pringle, J.R. (1997). A septin-based hierarchy of
Independent osmo-resistant colonies were tested for calcofluor proteins required for localized deposition of chitin in the Saccharo-
sensitivity. A representative css mutant (css8) was cloned by intro- myces cerevisiae cell wall. J. Cell Biol. 139, 75–93.
ducing a YCp50-based yeast genomic library (gift of E. Harsay) and
Gaynor, E.C., Chen, C.Y., Emr, S.D., and Graham, T.R. (1998). ARFidentifying calcofluor resistant transformants.
is required for maintenance of yeast Golgi and endosome structure
and function. Mol. Biol. Cell 9, 653–670.
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